cytoskeleton is, in part, under a direct influence of sigfrom the expression of a hh-lacZ reporter gene exnaling pathways via the regulation of small GTPases pressed exclusively in P cells.
(Van Aelst and D'Souza-Schorey, 1997). It is thus conceivable that Hh signaling affects cell sorting by directly
Hh-Transducing Cells Sort Out from modulating the activity of small GTPases. Alternatively, Non-Hh-Transducing Cells Hh signaling could regulate cell sorting at the A/P Cells on opposite sides of the A/P boundary differ in boundary via a transcriptional control of target genes their response to Hh. To test whether a difference in Hh that in turn modulate the segregation properties of retransduction between two cell populations is sufficient sponding cells.
to cause their segregation, Hh transducing and nonHere, we show that Ci is required for all aspects of transducing cells were juxtaposed far away from the Hh-controlled cell segregation, thus demonstrating that A/P boundary. In two different experiments, the smoothHh signaling governs cell sorting by transcriptionally ness of the border between these cells was analyzed regulating target genes. This transcriptional response as a measure for their sorting behavior (round-up assay). is regulated by both Ci[act] and Ci [rep] . Hh signaling
In the first experiment, cells were generated that lost the suffices to specify A-type cell sorting behavior irrespecability to transduce the Hh signal (becoming mutant for tive of the activity of En. En, in addition to regulating smo) but at the same time gained the ability to proHh signaling, controls cell segregation also in a Hhduce and secrete the Hh ligand (using a tubulin␣1ϾCD2, independent manner. In the absence of Ci, En is suffismo ϩ Ͼ hh transgene in a smo Ϫ background; see the cient to specify "P-type" sorting. Cells lacking both Ci Experimental Procedures). In the P compartment, where and En neither exhibit A-nor P-type sorting behavior, cells also express, but do not transduce, the Hh signal, indicating that Ci and En control most, if not all, aspects these clones formed wiggly borders with surrounding of the distinct sorting properties of A and P cells, respeccells ( Figure 1A ). In contrast, anterior tubulin␣1Ͼhh tively. Finally, we show that cells expressing higher levsmo Ϫ clones formed significantly smoother borders with els of a single cell adhesion molecule sort out in vivo neighboring wild-type cells that received and responded from cells expressing it at lower levels, suggesting that to the Hh protein secreted from the cells in the clone differential cell adhesion is sufficient to account for cell ( Figure 1A ; PϽϽ0.001, 35 A and 21 P clones in 18 discs segregation in vivo. We propose a model in which Ci were analyzed). This indicates that Hh-receiving cells and En control cell segregation at the A/P compartment sort out from Hh-producing cells that cannot respond boundary by causing an abrupt change in the activity to Hh. of a single cell adhesion molecule.
In a complementary experiment, we created a Hhreceiving/non-Hh-receiving interface in the P compart- Evidence for the Involvement of Hh Target Genes of roundness of the clone and smoothness of its border in A/P Cell Segregation is taken as a measure for the difference in adhesiveness The experiments described above indicate that one rebetween cells inside and outside of the clone. In the wildsponse of a cell to the Hh signal consists in the modificatype wing imaginal disc, cell segregation is confined to tion of its segregation behavior. Although the molecular the region of the compartment boundaries. Thus, in the basis is not known, a cell's segregation preference is more stringent "choice assay," clones generated in the presumably a function of its cytoskeletal or surface vicinity of the A/P boundary are monitored for their sortproperties. The Hh signal is received on cell membranes ing behavior. Clones have three choices: they can (1) by a receptor complex containing Smo (Alcedo et al., remain within their compartment of origin, (2) sort com-1996; van den Heuvel and Ingham, 1996) . By a poorly pletely into the territory of the adjacent compartment understood mechanism, Smo activity impinges on a cydefining a straight border with cells of the compartment toplasmic high molecular weight complex that contains of origin at the normal position of the A/P boundary, or Ci and is bound to microtubules by the Kinesin super-(3) sort out from cells of both compartments and take family protein Costal-2 (Robbins et al., 1997; Sisson up positions overlapping the normal site of the A/P et al., 1997). To test whether Hh signaling confers A boundary. Depending on the genetic intervention, the segregation properties by directly altering structural compartment of origin of a clone was determined either components of responding cells or instead by regulating by the state of the heritable and P-specific expression the transcription of one or several target genes, we asof an en-lacZ reporter gene or by the position of the sayed the role of Ci in the sorting behavior of A cells "twin spot" clone, which is composed of sibling wildtype cells. The position of the A/P boundary was inferred using the choice assay. Clones of P cells homozygous Table  1 ). Furthermore, these ci Cell /ci Ϫ clones defined straight and P cells at the boundary (Figure 2A ; see Table 1 for frequencies of clonal positions). We conclude that the borders to A cells at the normal position of the A/P boundary. ci Cell /ci Ϫ clones of P origin remained excluHh signal controlling cell segregation is at least in part transduced by the transcription factor Ci and hence sively in P territory ( Figure 2D ; see (Figure 2A) . One difference between smo Ϫ and ci Ϫ cells is that the former express properties, we experimentally increased the levels of the repressor form of Ci in clones of A cells by expressing Ci, which in the absence of Hh-signal transduction is Figure 2E ). The anterior origin of these clones is inferred from the lack of en-lacZ reporter gene expression. P Posterior clones lacking en function sort, when in contact with A cells, into A territory (Morata and Lawrence, clones expressing Ci Cell continue to express en-lacZ and remain in P territory (data not shown clones of P origin sorted only partially into A territory and straddled the A/P boundary ( Figure 3B ; Table 1 ), So far, we have shown that a difference in Hh transduction is sufficient to separate two cell populations and similar to en Ϫ ci Ϫ clones or ci Ϫ clones originated in the A compartment. en Ϫ ci Ϫ clones of both A and P origin that Hh transduction is required for cell segregation at the A/P boundary. To test whether Hh signaling is also defined straight borders with neighboring wild-type A and P cells. en Ϫ ci Ϫ mutant clones also exhibit smooth sufficient to direct cells to sort with A cells at the boundary, we activated Hh transduction in clones of P cells borders with adjacent wild-type cells when situated entirely within the P compartment ( Figure 3A ). These reby ectopically expressing Ci and assayed their segregation at the A/P boundary. Clones of P origin, as inferred sults indicate that the complete sorting of posterior en Ϫ clones into A territory depends indeed on the expression from the expression of the en-lacZ reporter gene, always took up positions normally only occupied by A cells and of Ci in these clones. However, because cells expressing neither En nor Ci segregate from P cells that also do defined straight borders to wild-type P cells (n ϭ 20, Figure 2G ). Expression of Ci did not influence en-lacZ not express Ci, it can be inferred that En controls cell segregation at the A/P boundary also in a Ci-indepenreporter gene expression. Anterior clones overexpressing Ci were strictly confined to A territory ( Figure 2F) . dent manner. 
En Is Sufficient for P-Type Segregation
under control of the tubulin␣1 promoter and used enlacZ as a marker for the compartmental origin of these in the Absence of Ci The above experiments indicate that En is required for clones. Clones derived from P cells were strictly confined to the territory of compartmental origin ( Figure 3F ). P cell segregation independent of Ci. To test whether En is also sufficient to confer P-type cell segregation to
In contrast, among 16 clones derived from A cells at the boundary, 8 clones occupied positions normally taken A cells, we expressed En in marked clones at low levels up only by P cells (Figure 3E ). The levels of Ci were strongly reduced in these cells (data not shown), as expected from the repressive effects of En on ci transcription (Schwartz et al., 1995). We conclude that in the absence of Ci, En activity suffices to determine P-type segregation.
The Hh-Dependent Pathway Dominates Over the Hh-Independent Pathway
We have provided evidence that En acts both in a Hhdependent and in a Hh-independent pathway to control cell segregation at the A/P boundary. To compare the relative contributions of these pathways, we analyzed the sorting behavior of en Ϫ cells that cannot transduce the Hh signal due to the lack of Smo activity (en Ϫ smo Ϫ cells). Unlike en Ϫ single mutant clones, en Ϫ smo Ϫ double mutant clones of P origin invariably occupied only P territory and defined straight borders to A cells at the normal position of the A/P boundary ( Figure 3D ; Table  1 ). Because en Ϫ cells remain in P territory in the absence of Hh transduction, we infer that the sorting of posterior en Ϫ clones into A territory critically depends on Hh sig- mutant for both ci and en occupy A and P territory to a similar extent leads us to conclude that Ci and En are cells that neither express Ci nor En (ci Ϫ en Ϫ double required for most if not all aspects of the distinct segremutant cells, see above). In contrast to ci Ϫ en Ϫ cells, gation properties of A and P cells, and the difference tub␣1Ͼen cells of A origin show a complete transgresbetween the ground state and the "A state" brought sion to P territory, yet they do not intermingle well with about by Ci[act] is similar to the difference between the P cells. We ascribe this latter observation to the unnatuground state and the "P state" dependent on En.
rally low levels of En produced in these cells (several-(2) Cells expressing En but lacking Ci fold less than in wild-type P cells; data not shown). A more direct argument for a Ci/Hh-independent role These levels may not repress ci completely and might of En in the specification of cell sorting behavior can not be sufficient to fully confer P cell adhesiveness. be derived from our experiment in which anterior 
